The sinoatrial node is under the control of both parasympathetic and sympathetic influences. To study the interaction between these opposing influences, the response of the frequency of contraction of a spontaneously contracting rat right atrium to combinations of the neurotransmitters, norepinephrine and acetylcholine was observed. Norepinephrine in concentrations of 1 X 1(HM, 1 X ICH'M, and 1 X 10-SM, which by themselves increased atrial frequency by averages of 30%, 51% and 82%, respectively, and acetylcholine in concentrations of 1 X 10 -5 M, 1 X ICMM, and 1 X ICHM, which by themselves decreased atrial frequency by averages of 17%, 52%, and 97%, respectively, were added in all combinations to the atrial preparations. The response was not an algebraic sum of the effects of each of the agents; rather, the bradycrotic influence of acetylcholine predominated in all cases. This action of acetylcholine was blocked by atropine. To evaluate this interaction under more physiologic circumstances, the response of heart rate of anesthetized rabbits to isoproterenol, a potent beta-receptor stimulant, and to asphyxia, a stimulus which produces a marked parasympathetic discharge, was studied. Asphyxia alone induced a marked bradycardia that could be abolished by vagotomy. However, this bradycardia was not prevented by isoproterenol. It is concluded that the predominance of the parasympathetic nervous system on the sinoatrial frequency is a result of the interaction of the neurotransmitters, norepinephrine and acetylcholine on the sinoatrial node. In this interaction the presence of acetylcholine appears to prevent the action of norepinephrine.
tant means by which the heart adjusts to varying conditions, an understanding of the control of this variable is essential to a detailed understanding of circulatory regulation. The frequency of discharge of the sinoatrial node is determined by its intrinsic automaticity as well as by the action of the sympathetic and parasympathetic nervous systems on this automaticity. Thus, control of heart rate may involve variations in the activities of both divisions of the autonomic nervous system (1) , and it is likely that both divisions may influence heart rate simultaneously (2) . The interaction between these two opposing nervous influences on heart rate is of considerable importance but has not been studied in great depth.
In 1875, Baxt (3) observed that there was greater slowing of heart rate if the vagus and accelerator nerves were stimulated simultaneously than if the vagus were stimulated alone. Hunt (4) then noted that the effect of simultaneous stimulation of the two nerves depended on the intensity of the stimuli to each and concluded that the resultant effect on rate was the arithmetic mean of the rate induced by the stimulation of each nerve alone. Rosenblueth and Simeone (5) studied the effect of the combined discharge of these nerves on heart rate. They noted that if the alteration of frequency were expressed as percent change of the control rate then the results were the same with or without simultaneous stimulation of the other nerve. Samaan (6) observed that the parasympathetic nervous system predominates over the sympathetic in the control of heart rate and concluded that moderate vagal stimulation may provoke a bradycardia which will mask the effect of strong cardioaccelerator stimulation. More recently, the findings of Warner and Russell (7) , and of Levy and Zieske (8) have been consistent with those of Samaan.
The purpose of this investigation was to shed additional light on the control of heart rate by describing the interaction of the two neurotransmitters, acetylcholine and norepinephrine, on the spontaneously beating rat right atrium in vitro. Additionally, the response of the atrial rate to the combination of a beta-receptor stimulant and an intense vagal discharge was determined in the intact animal to study the interaction of these two stimuli under more physiologic conditions.
Methods and Procedures

A. STUDIES ON ISOLATED ATRIA
Male, Sprague-Dawley derived, albino rats (Simonson Labs, Gilroy, California) weighing 300 to 500 g were decapitated. The hearts were rapidly excised and placed in oxygenated, modified Krebs solution (9) . The right atrium, including the area of the sinus node, was dissected free. One end of the atrium was attached to a Statham force-displacement transducer (G 1-1-1000) via a 5-0 noncapillary silk suture. The other end of the atrium was placed in a lucite clip in a myograph containing modified Krebs solution aerated with 95% O 2 and 5% CO 2 . Temperature was maintained at 30°C. Contractions were recorded on a Sanborn 7714-04A direct-writing recorder. Atrial contraction frequency was determined from 10-second samples of the recorded contractions or from the output of a model 350-3400A cardiotachometer preamplifier. About 10% of the atria exhibited arrhythmias or did not contract spontaneously and were discarded. All others were permitted to equilibrate for 30 to 120 minutes until atrial contraction frequency was stable for 5 to 10 minutes. To equalize the effect of passive stretch on the frequency of contraction (10), each atrium was stretched so that it contracted at the peak of its length-active tension curve. Solutions of acetylcholine and norepinephrine were made up from the crystalline reagent (Sigma Chemical Co., St. Louis, Mo.) in l x 10-2 N HC1. Doseresponse curves were constructed for each neurotransmitter by determining the frequency 2 minutes after adding the solution to the muscle bath. Low, intermediate, and high concentrations of each agent that elicited changes in the atrial contraction frequency of similar magnitude but opposite direction were then selected. All possible combinations of these two neurotransmitters in the selected concentrations were then added to the bath and the changes in atrial contraction frequency were recorded 2 minutes later. The concentration of neurotransmitters was calculated as that which existed after dilution in the muscle bath. To obviate the influence of residual drug effect or deterioration of the atria, only one observation of the addition of the agent or agents studied was made in each preparation and the preparation was then discarded.
It was noted that acetylcholine had a more rapid onset of action than norepinephrine, although the effect on atrial frequency was fully established at 2 minutes with both neurotransmitters. However, no difference in the resultant frequency was noted when norepinephrine was added to the bath 30 seconds before acetylcholine in two additional experiments. The frequency of contraction did not change when the diluent alone was added to the muscle bath in three experiments.
B. STUDIES ON INTACT RABBITS
The response of the heart rate to the combined effects of a high intensity parasympathetic discharge and to isoproterenol, a beta-receptor stimulant, was studied in the intact animal. Male, New Zealand rabbits, weighing 2.8 to 4.6 kg, were anesthetized with pentobarbital, 100 to 150 mg, supplemented as needed during the experiment. Incisional sites were infiltrated with 2% lidocaine. Arterialpressure was measured through a catheter in the right femoral artery by a Statham P23D pressure transducer. The heart rate was obtained from a, cardiotachometer preamplifier driven by the EGG output. The trachea was cannulated and respiration was spontaneous. An increase in parasyrnpathetic activity was induced by producing asphyxia in 24 rabbits by clamping the tracheal cannula. A comparison was made between the atrial frequency observed during the control period and that observed 60 seconds following the induction of asphyxia. This time period was selected so that the results would not be influenced by direct anoxic effects on the sinus node. The animals were divided into the following groups: (I) Six animals were subjected to 60 seconds of asphyxia; (II) six animals were subjected to 60 seconds of asphyxia following bilateral cervical vagotomy; (III) six animals were given 10 /Mg isoproterenol intravenously and the heart rate was determined 30 seconds later; (IV) six animals were subjected to asphyxia and 10 /jLg isoproterenol was administered intravenously 30 seconds after its onset; and (V) six vagotomized rabbits were given 10 fig isoprotere-nol 30 seconds after the induction of asphyxia. The electrocardiogram was monitored during each intervention and in each experiment sinus rhythm was present. Figure 1 shows the changes in atrial contraction frequency following the addition of the neurotransmitters both alone and in combination. 1X 10~7M, 1 X IO^M and 1 X 10~5M norepinephrine increased the frequency of contraction by averages of 30 ± 8%, 51 ± 4% and 82 ± 15% of control frequency, respectively. Acetylcholine in concentrations of 1 X 10" 5 M, 1 X K H M and 1 x 10"3M decreased atrial frequency by averages of 17 ±3%, 52 ±15% and 97 ±2% of control, respectively. When the atria were exposed to combinations of the low concentrations of acetylcholine (1 X 10~5M) and norepinephrine ( 1 X 1 0~7 M ) , there was a reduction of atrial frequency of the same magnitude as when this concentration of acetylcholine was added alone, i.e., frequency fell by an average of 21 ± 10%. When the intermediate concentration of norepinephrine ( 1 X 1 0~°M ) was combined with the low concentration of acetylcholine ( 1 X 1 0~5M ) , there was no significant change in atrial frequency. Had there been a simple algebraic sum of the effects of these concentrations of each transmitter, a substantial increase in frequency would have been expected; since when given individually, there was a 51 ± 4% increase due to norepinephrine and only a 17 ± 3% reduction due to acetylcholine. No concentration of norepinephrine, not even 1 X 10" 5 M, which by itself elevated heart rate by an average of 82 ± 15%, altered the response of atrial frequency in combination with the highest concentration of acetylcholine.
Results
A. Effect of Acetyloholine am} Norepinephrine on Atrial Frequency-
In the presence of the lowest concentration of acetylcholine, only the highest concentration of norepinephrine (1 X 10~5M) increased atrial frequency. However, this high concentration of norepinephrine failed to affect atrial frequency in the presence of 1X 1(HM acetylcholine. The dominance of acetylcholine is apparent.
It was possible that the above results could be interpreted to indicate that norepinephrine was competitively blocked from its receptor by acetylcholine. To investigate this possibility, the combination of 1 X 10~eM norepinephrine and 1 X ICHM acetylcholine was added to atria that had been exposed to 1X 10" 5 M atropine for 2 minutes. Atropine alone did not change the atrial contraction frequency. In the presence of atropine, acetylcholine had no observable effect, i.e., the addition of the combination of norepinephrine and acetylcholine produced a change in frequency of an average of 51 ± 8%, the same as if this concentration of norepinephrine were acting alone. If acetylcholine were blocking norepinephrine at its receptor site, blunting of the tachycardiac effect of norepinephrine would have been evident. This was not observed. The change in heart rate of rabbits in response to the interoentions studied. The direction of the arrows indicates the direction of the change from the control heart rate (heavy line) to the resultant rate (broken line).
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was 282 beats/min. This rapid rate suggested that the anesthetic agent had reduced vagal inhibition of heart rate. Sixty seconds after the induction of asphyxia (group I) there was a marked bradycardia. After bilateral cervical vagotorny, the basal heart rate was similar to that observed in the control group with intact vagi; however, the bradycardia produced by asphyxia was abolished (group II). After the rapid intravenous administration of 10 fig of isoproterenol, cardiac frequency increased by an average of 6 5 ± 8 beats/min (group III). A slightly greater increment in frequency could be obtained with 50 fig isoproterenol but this .dose was associated with a high incidence of arrhythmias. When 10 fig of isoproterenol was administered to rabbits 30 seconds after the induction of asphyxia (group IV), heart rate slowed to almost the same rate as during simple asphyxia, i.e., isoproterenol had little influence on the bradychrotic effect of asphyxia. However, when this same dose of isoproterenol was administered to vagotomized rabbits 30 seconds after the induction of asphyxia (group V), the increment in heart rate was not statistically different from that occurring with isoproterenol alone. Arterial pressure was consistently elevated during the first 60 seconds of asphyxia both in the intact and vagotomized animals.
Discussion
The results of the present study suggest that the parasympathetic neurotransrnitter, acetylcholine, is capable of suppressing the response of the sinoatrial node to the sympathetic transmitter, norepinephrine. In contrast, norepinephrine is much less able to inhibit the effects of acetylcholine. Thus, these results are consistent with and extend the findings of Samaan (6), Warner and Russell (7) and Levy and Zieske (8) , who showed in intact animals that the effects of sympathetic activity on heart rate are reduced as vagal tone is increased. James (11) has noted that nerves within the sinus node do not terminate directly on the cell membrane of pacemaker cells and surmised from this observation that the effects of the neurotransmitter substances begin after they diffuse across a finite space to reach the cell surface. This observation by James as well as the data presented in this study enable us to conclude that it is the action of the neurotransrriitters themselves, rather than preferential innervation by the vagus nerve fibers of the pacemaker cells, that is responsible for the dominance of the parasympathetic over the sympathetic nervous system on heart rate.
The concentrations of acetylcholine over the range employed in this experiment were one hundred times the concentrations of norepinephrine, and this difference could be considered to have biased the results in favor of the parasympathetic neurotransmitter. This is unlikely, however, since concentrations of these agents used in this study, when given alone, caused similar although opposite changes in frequency of contraction. This seeming disparity may be due to the presence of relatively high cholinesterase activity in the sinus node (11) , and it has recently been confirmed (12) that this activity may determine the concentration of acetylcholine required to produce a change in the rate of the spontaneously beating rat atrium. Roberts and Konjovic (12) noted that inhibition of cholinesterase with physostigmine increased the sensitivity of the sinoatrial node of the isolated rat atrium to acetylcholine by a factor of 1000. The concentrations of acetylcholine employed by these investigators in preparations untreated with the cholinesterase inhibitor were in the same range as those used in this study. A further explanation for the high concentrations of exogenous acetylcholine required to slow atrial frequency was also provided by Rosenblueth (13) , who noted that whereas only a few pacemaker fibers of the sinus node need be accelerated by norepinephrine to produce an increment in the heart rate, it is necessary for all such elements to be affected by acetylcholine before a decrement in the heart rate would be observed.
There was a substantial decrease in the heart rate of the intact animal induced by asphyxia, but no decrease occurred with asphyxia after vagotomy. This observation is consistent with the conclusion of Litwin and Skolasinska (14) that asphyxic bradycardia results from increased vagal activity. Since vagotomy alone had little if any effect on heart rate, it was likely that the control heart rate of the rabbits studied was elevated due to inhibition of parasympathetic tone by the anesthetic agent. Nevertheless, a profound bradycardia occurred with the increase in parasympathetic outflow produced by asphyxia alone as well as with the addition of a potent beta-receptor stimulating agent, isoproterenol. These results confirm the predominance of parasympathetic activity on the control of the heart rate.
The mechanism responsible for the dominance of acetylcholine over norepinephrine in the control of the heart rate is not known. One possible explanation is that acetylcholine possesses, in addition to its direct depressant effect on sinoatrial automaticity, the ability to block beta receptors and thereby inhibit the ability of norepinephrine or isoproterenol to augment atrial frequency. However, the findings in atria previously treated with atropine are not consistent with this possibility; blockade of the muscarinic action of acetylcholine by atropine eliminated completely the interference of the parasympathetic transmitter with the action of the sympathetic transmitter.
It has been shown that acetylcholine is capable of blocking not only the chronotropic but other actions of catecholamines on the heart as well. For example, the positive inotropic response of ventricular muscle to epinephrine, norepinephrine and tyramine as well as sympathetic nerve stimulation may be prevented by acetylcholine (15, 16) . Furchgott et al. (17) have noted that acetylcholine can counteract the effect of epinephrine on the action potential in the guinea pig atrium, and it has been demonstrated that the ability of catecholamines to enhance phosphorylase activity and glycogenolysis may be inhibited by acetylcholine (18) .
It has been suggested that both the metabolic and inotropic effects on the heart induced by catecholamines may be correlated with the activation of adenyl cyclase and the myocardial concentration of cyclic AMP (19) , and it is possible that this "secondary messenger" could be involved in the differential effects of norepinephrine and acetylcholine on contraction frequency. This possibility is supported by the demonstration that carbamylcholine, a parasympathomimetic drug, inhibits the formation of cyclic AMP in broken-cell preparations from the dog heart (20) . In addition, it has been reported that carbamylcholine decreases tension development, adenyl cyclase activity and cyclic AMP concentration in atria and that these responses may be blocked by atropine (21) . The recent finding that the dibutyryl derivative of cyclic AMP can increase the contraction frequency of isolated, cultured rat heart cells (22) certainly supports the suggestion that the positive chronotropic action of catecholamines is mediated by the formation of intracellular cyclic AMP.
On the basis of the investigations reviewed above, as well as the experiments reported herein, it may be postulated that acetylcholine may interfere with the ability of catecholamines to elevate intracellular cyclic AMP. It would appear that these effects of acetylcholine do not involve blockade of beta receptors; but since they can be blocked by atropine, they can be classified as muscarinic. Although firm evidence to support these hypotheses is not yet available, they do provide an explanation of the available data on the interaction of the sympathetic and parasympathetic neurotransmitters on the sinoatrial node, and support a framework around which future experiments can be planned.
